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ABSTRACT

4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, CMK, (EC: 2.7.1.148) is the only ATP-dependent enzyme of
the MEP pathway which catalyzes the phosphorylation of methylerythritol-CDP (CDP-ME) into 4-
diphosphocytidyl-2C-methyl-D-erythritol-2-phosphate (CDP-ME2P) during isoprenoid biosynthesis. This enzyme
was cloned, characterized and functionally validated for the first time from the Coleus forskohlii. The full-length
cDNA of CfCMK gene was 1372 bp with an open reading frame of 1209 bp which encoded 402 amino acids. The
deduced protein (CfCMK) had conserved substrate binding residues and the ATP-binding residues as revealed by
homology based structural alignment with the other known CMKSs. Tissue specific expression analysis revealed
similar expression profile of CfCMK in roots, stems and leaves. The functional validity of the encoded protein was
demonstrated in E. coli by phenotypic screening employing functional color assay. The cloning, in silico
characterization and functional analysis of CFCMK gene could give an insight into its role in the biosynthesis of
secondary metabolites particularly diterpene forskolin in C. forskohlii, as only two genes of the MEP pathway have
been studied so far.

Keywords: Color complementation assay, 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, isoprenoid
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INTRODUCTION

Terpenoids represent a distinct and one of the degradation [5]. It also provides important

largest classes of secondary metabolites that have
contributed to various biological activities as an
insect attractant [1], cytotoxic [2] and in
medicines [3]. More than 30,000 representatives
of terpenoids from all biological kingdoms have
been reported in the literature [4]. In planta,
isoprenoids contribute many essential processes
like electron transport in respiration and
photosynthesis, hormone-based signaling,
apoptosis, meiosis, protein cleavage and

structural components to the cell membranes [6].
Isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) isomers are the universal
five-carbon precursors of isoprenoids, which gets
assembled into the diverse class of natural
products including terpenoids. These simple
molecules (IPP and DMAPP) are evolved from
two biosynthetic routes, the 2-C-methyl-D-
erythritol 4-phosphate (MEP pathway or non-
mevalonate) and the mevalonate (MVA)



pathways. In eukaryotes, archaebacteria, and a
few eubacteria, the precursor biosynthesis is
through the mevalonate pathway [7, 8]. While in
chloroplasts, algae, cyanobacteria, = most
eubacteria, and the apicomplexa, IPP and
DMAPP synthesis is accomplished by seven step
MEP/DOXP route [9]. The mutant defective in
any of the MEP pathway genes in plants
decreases their survival rate because of the
malfunctioning of chloroplast [10, 11, 12, 13].
The MEP pathway commences with the
condensation of pyruvate and D-glyceraldehyde
3-phosphate to produce DOXP [14] which
undergoes two stage processes of reduction and
rearrangement catalyzed by 1-deoxy-D-xylulose-
5-phosphate synthase (DXS) [15] and DXP
reductoisomerase (DXR) [16], respectively. This
is followed by transfer of erythritol moiety
catalyzed by 2C-methyl-D-erythritol-4-phosphate
cytidylyltransferase (CMS) to form CDP-ME
[17, 18]. Subsequently, 4-diphosphocytidyl-2C-
methyl-D-erythritol kinase (CMK), the fourth
enzyme of MEP pathway, in an ATP-dependent
reaction, phosphorylates CDP-ME at 2-hydroxyl
group to form 4-diphosphocytidyl-2C-methyl-D-
erythritol-2-phosphate (CDP-MEZ2P) [19].
Downstream to this, 2C-methyl-D-erythritol 2, 4-
cyclodiphosphate synthase (MCS) [20] converts
CDP-ME2P to 2C-methyl-D-erythritol-2, 4-
cyclodiphosphate (ME-cPP) and CMP [21]. The
ME-cPP then, in two enzyme-catalyzed stages by
hydroxymethylbutenyl 4-diphosphate synthase
(HDS) [22] and hydroxymethylbutenyl 4-
diphosphate reductase (HDR) [23], undergoes
reduction and elimination to form 1-hydroxy-2-
methyl-2-(E)-butenyl-4-diphosphate and
subsequently IPP and DMAPP [24, 25, 26, 27]
are formed. The study of the enzymes of the
MEP pathway becomes imperative as these have
no orthologs in humans.

Hence, it has attracted interest as prospective
targets for the structure-based development of
herbicidal, antibacterial, and antimalarial
compounds [28]. The literature cites species, with
the MEP pathway, having the contributory agents
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for varied and severe human diseases including
malaria,  tuberculosis, leprosy, bacterial
meningitis, various gastrointestinal and sexually
transmitted infections, and certain types of
pneumonia [29]. Experiments have demonstrated
that antibiotic fosmidomycin that inhibits DOXP
reductoisomerase, the enzyme that catalyzes the
second reaction in the pathway [30], has
promising  antimalarial ~ properties  [31].
Researchers have confirmed through chemical
validation and complementation studies [32, 33,
34] the essentiality of enzymes catalyzing three
to five steps of the MEP pathway. The
crystallographic studies necessary to support
structure-based drug discovery have produced
models for DXS [15], DXR [16], CMS [18],
CMK [35], MCS [20], HDS [22] and HDR [23]
in E. coli. Among the plant system, the crystal
structures of CMS and MCS proteins which
catalyzes respectively the third and fifth steps of
the MEP pathway in Arabidopsis thaliana has
been reported, as yet [36, 37]. Most of the genes
encoding the protein for the multistep MEP
pathway have been cloned and characterized in
various plant systems. However, till date, only
two full-length genes, DXP reductoisomerase
(CfDXR) [38] and geranylgeranyl pyrophosphate
synthase gene (CfGGPP) [39], have been cloned
from C. forskohlii. This plant is the source for
forskolin, a labdane-type diterpenoid, which is
also a potent adenylyl cyclase activator. Here, we
are  reporting the  full-length  cloning,
characterization,  in-vitro  expression  and
molecular modeling of the fourth step enzyme, 4-
diphosphocytidyl-2C-methyl-D-erythritol kinase
(CMK), from C. forskohlii, for the first time. The
study will help in understanding the regulatory
and structural aspects of the MEP pathway in C.
forskohlii, in particular, and its prospective use in
the medical world.

MATERIALS AND METHODS

Plant Material

A rich stock of C. forskohlii established at the
experimental farm of 11IM (CSIR-Indian Institute
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of Integrative Medicine, Jammu (32°44’ N;
74°55' E), India at an altitude of 305 m, was used
as a source material.

Full-Length Cloning of the CFCMK Gene

Total RNA was isolated from young leaf, stem
and root of C. forskohlii plant using Trizol
(Invitrogen, US) as per the manufacturer’s
instructions.  RNase-free DNase (Fermentas,
Burlington, Canada) treated RNA (5 pg) was
subjected to the first strand cDNA synthesis
using RevertAid cDNA synthesis kit (Fermentas,
Burlington, Canada) as per manufacturer’s
instructions.

Design of Degenerate Primers

The forward and reverse primers (Table 1) were
designed, based on conserved amino acid
sequences retrieved from the GenBank database
at National Centre of Biotechnology Information
(NCBI) of the CMK protein assembled from
different  plant  species. The  Reverse
Transcriptase-Polymerase chain reaction (RT-
PCR) was performed using 20 pl of PCR reaction
product containing 1U of Taq polymerase in a 20
ul reaction on Mastercycler® Pro S (Eppendorf,
Germany) using the thermal conditions as
described in Table 1. The amplicon obtained was
gel extracted, purified (Qiagen, Netherland) and
cloned in pTZ57R/T vector (InsTAclone™ PCR
Cloning kit; Fermentas, Thermo Fisher Scientific,
USA), before transformation in E. coli DH5a
cells (New England Biolabs, Ipswich, MA,
USA). The positive clones obtained were selected
on the basis of blue/white screening and were
further confirmed by sequencing using a BigDye
terminator cycle sequencing kit (Applied
Biosystems, Foster City, CA, USA) with an ABI
PRISM® 3130XL genetic analyser (Applied
Biosystems, Foster City, CA, USA). The
sequenced cloned fragment was analyzed using
BLASTX. The resulted sequence was used for
designing the gene-specific primers (GSP) for 3’-
and 5’-RACE.

3’-and 5’-RACE

The 3’- and 5’-rapid amplification of cDNA ends
(RACE) was carried out using the First Choice®
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RLM RACE kit (Ambion®, Life Technologies,
USA) as per manufacturer’s instructions. 3’ and
5-RACE PCR was performed using their
respective specific primers (GSP) and adapters
(provided in the kit) (Table 1). This was followed
by nested PCR of the 3’ and 5° template with
respective gene-specific inner primers (GSP) and
adapters (provided in the kit).

Both the reactions were performed in thermo
cycler with conditions given in Table 1. The 3’
and 5’-RACE amplicons obtained were cloned in
pTZ57R/T vector and sequenced. The 5’-RACE
amplicon, core fragment and 3’-RACE amplicon
were aligned using NCBI BLAST align software
(http://www.ncbi.nlm.nih.gov/) at its default
settings. The open reading frame (ORF) was
located in the full-length sequence of the CFCMK
gene using the ORF finder. The gene specific
full-length primers (Table 1), designed from the
ORF region of CfCMK, were used for the
amplification of ORF region using high fidelity
proof-reading DNA  polymerase  (Phusion,
Fermentas) under the PCR thermal conditions as
given in Table 1. The resultant confirmed full-
length amplicon was sequenced, ligated in pJET
vector and subsequently introduced and
maintained in E. coli DH5a strain.

Sequence and Bioinformatic Analyses

The amino acid sequence similarity of the
CfCMK was analyzed using the BLAST tool of
NCBI database. Primer3 Input software
(Primer3_www.cgi v.0.2;
http://frodo.wi.mit.edu/) was used for designing
the primers. The nucleotide sequence of the
CfCMK gene was translated using ExPASy
Translate tool (http://web.expasy.org/cgi-
bin/translate/dna). The physicochemical
properties of the deduced amino acid sequence
were estimated by ProtParam
(http:/lwww.expasy.ch/tools/protparam.html).
The conserved sequence of the CFCMK protein,
active site residues and the residues of the side
chain, involved in the interaction with the
substrate required for the biosynthesis of the
product, were identified by comparing the
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CfCMK sequence with the already published E.
coli sequence [35].

The secondary structure was predicted by using
the PBIL based SOPMA [40]. TargetP
(http://www.cbs.dtu.dk/services/TargetP/)  and
PSORT (http://psort.hgc.jp/form.html) were used
for determining cellular localization whereas
SCLAP  (http://sclap.bicpu.edu.in/predict.php)
was used for the subcellular localization of the
protein. The glycosylation sites of the protein
were identified using the NetNGlyc 1.0 Server
(http:/iwww.cbs.dtu.dk/services/NetNGlyc/)
whereas NetPhos 2.0 (http://www.cbs.dtu.dk/
services/NetPhos/) was used to predict the post-
translational modifications.

Sequences of CFCMK along with its homologs of
different plant species retrieved from the NCBI
database were aligned with the CLC workbench
(www.clchio.com/products/clc-genomics-
workbench/) using default settings. The
phylogenetic tree was constructed using
maximum likelihood method of PHYML
program [41].

The default protein substitution model of WAG
[42] was used to include the rate variation. This
maximizes the performance of algorithm through
the implementation of the number of substitution
rate categories to 4 assuming the maximum
default mean value of gamma distribution
parameter to 1.

The bootstrapping analysis was performed with
1000 replicates which defined the measure of the
confidence in the subtree rooted at the node. The
three-dimensional structure of CfCMK protein
was predicted by Phyre? [43] using the crystal
structure of distant species of E. coli (PDB ID:
10J4) [35] as a template.

Ligand binding site (substrate binding residues
and ATP binding residues) of the CFCMK was
predicted by structural alignment of CFCMK with
the ligand bound three-dimensional structures of
CMKs of E. coli (PDB ID: 10J4), Aquifex
aeolicus (PDB ID: 2V2Z) and Mycobacterium
tuberculosis (PDB IDs: 3PYE, 3PYF, 3PYG)
using the tools of Schrodinger [44].
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Elicitor Treatment

Four-week-old plantlets of C. forskohlii were
sprayed with 50 ml of Methyl jasmonate (MeJA,;
100 mM). Control plantlets were sprayed with
0.1 % ethanol. Leaves were collected at an
interval of 2 h, 4 h, 8 h, 12 h and 24 h. Since
results inferred after literature survey were
consistent with significant induction after
treatment with the MeJA, therefore only time
course was followed for studying the expression
profile of these genes using quantitative real time
RT-PCR analysis.

Tissue-Specific Semi-Quantitative Expression
Analysis

Tissue-specific expression of CFCMK gene was
analyzed by isolating total RNA from leaf, stem
and root of C. forskohlii. DNase-treated RNA (5
ug) was used for first strand cDNA synthesis
using RevertAid cDNA synthesis kit (Fermentas,
Burlington, Canada) as per manufacturer’s
instructions. Semi-quantitative expression
analysis was done using gene specific primer and
actin primer (Table 1). Actin was taken as the
house keeping internal control. PCR was done at
the following optimized condition: one cycle of
94°C for 1 min, 40 cycles of 94°C for 10 sec,
60°C for 20 sec and 72°C for 25 sec.

Real-Time Expression Analysis

Total RNA (5 pg) was isolated from the leaf
sample collected at different time intervals after
treatment with different elicitor as mentioned
above using Trizol method. DNase-treated RNA
(5 ng) was used for synthesizing cDNA as per
manufacturer’s instructions. The template
(diluted 1:50) was wused for the real-time
expression study using 48-well optical plates in
ABI Step One Real-time qPCR system (Applied
Biosystems, Foster City, CA, USA). Each PCR
reaction (20 pl) was performed in triplicates
consisting of SYBR premix Ex Taq, 1 uM primer
and template under the following thermal
conditions: One cycle of 94°C for 1 min, 20
cycles of 94°C for 10 sec, 60°C for 20 sec and
72°C for 25 sec. The dissociation curve was
followed to confirm the specificity of gPCR.
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Actin was taken as housekeeping internal control.
The real time gPCR data obtained was subjected
to evaluate the gene expression levels by
comparative C; method.

Functional Analysis of CFCMK in Escherichia
coli

Plasmids pAC-BETA and pTrc-AtIPl carrying
the functional gene, for the synthesis of B-
carotene, were used to assess the biological
function of CfCMK. Plasmid pAC-BETA
included  functional  genes  viz. crtE
(geranylgeranyl pyrophosphate synthase), crtB
(phytoene synthase), crtl (phytoene desaturase)
and crtY (lycopene cyclase) genes [45] along
with  chloramphenicol resistance gene. The
plasmid pTrc-AtlIPl had AtIPI gene, the product
of which could enhance the accumulation of
lycopene, an important immediate precursor of 8-
carotene [46], and an ampicillin resistance gene.
The PCR product obtained was digested with
Notl and Bglll and then ligated into the Notl and
Bglll sites of the pTrc-AtIPI plasmid to create a
recombinant expression plasmid pTrc-CfCMK.
The putative positive plasmids were confirmed
by restriction analysis and further verified by
sequencing. The recombinant plasmid pTrc-
CfCMK having the target gene was transformed
into bacterial host strain E. coli DH5a strain. The
construct pTrc-CfCMK was co-transformed with
pAC-BETA in the E. coli TOP10F’strain. The E.
coli TOP10F’strains, co-transformed with pAC-
BETA and pTrc-AtIPl and pAC-BETA alone,
were used as control. The putative transformants
were grown on selection medium, containing
ampicillin (150 mg/ml) and chloramphenicol (50
mg/ml) and incubated at 37 °C for 2 days.
Growth was observed in the selection media
having transformants and the controls harboring
both the plasmids without the target gene. No
growth was seen on the plates having pAC-
BETA only. The \visible color of the
transformants, both in case of target gene and one
of the positive control, was used as a phenotypic
marker to test the functionality of the target gene
CfCMK.
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RESULTS AND DISCUSSION

Cloning of Full-Length cDNA of the CfCMK
Gene

The degenerate primers of CfCMK gene were
designed on the homology-based strategy using
ClustalW. The conserved domains VPTGAG and
FMSGSGSTI obtained were used for designing
the forward and reverse primers, viz. FCMK and
RCMK, respectively. A core fragment of 485 bp
obtained was confirmed by sequencing which
was further used for the designing the gene
specific primers namely GSP1 and GSP2 (Table
1). The 3’-RACE and 5’-RACE were performed
using GSP1 and GSP2 primers which yielded
amplicons of 623 bp and 650 bp respectively.
Subsequently, an ORF region of 1209 bp was
obtained with the full-length fGSP and rGSP
primers having 5° untranslated region of 55 bp
along with 3’ untranslated region of 108 bp (Fig.
1 and Supplementary Fig. 1A). The full-length
cDNA sequence of CFCMK was submitted to the
GenBank database of NCBI with accession
number KU178947.

The blast sequence results showed homology
of the deduced amino acid sequence of CFCMK
with plant species such as Salvia miltiorrhiza
(87% identities), Sesamum indicum (81%
identities),  Solanum  lycopersicum  (76%
identities), Catharanthus roseus (75%) and
Picrorhiza kurrooa (74% identities). The
maximum identity (87%) with Salvia miltiorrhiza
was expected as both these species belonged to
the same family (Lamiaceae). The in silico
analyses of the 402 aa residue protein revealed,
chloroplast transit peptide of 54 amino acid
residues at the N-terminus of CfCMK (Fig. 1)
which was supported by high values obtained by
Target P (0.961) and PSORT (0.893). Similar
results were obtained with the SCLAP which
predicted its sub-chloroplast localization in
lumen or stroma with the respective potential
scores of 0.7022 and 0.6559 that is probably
necessary to deliver the protein into chloroplast
where the MEP pathway was localized [47]. The
multiple  sequence alignment  comparison
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revealed variations in the transit peptide region at
amino acid sequence level whereas the catalytic
regions of CFCMK were found to be conserved
(Fig. 2). The conserved residues found in the
multiple  sequence alignment (Fig. 2)
corroborated with their respective counterpart
residues found in structural alignment in the
substrate binding site and the ATP binding site of
CfCMK protein (Fig 3B-F & Table 2 and
Supplementary Fig. 3). The semi-quantitative
expression profile displayed no differential
expression of the target gene in root, stem and
leaves of the plant (Supplementary Fig. 1B).
Elicitor-induced @ MEP  pathway  gene
expression has been cited by various research
groups. Brassinosteroids, such as jasmonic acid
along with its related compound methyl
jasmonate, are stress-related compounds, which
when subjected to plant influence its secondary
metabolites biosynthetic pathway. Alterations in
expression of monoterpene synthases and
diterpene synthases [48] and MEP pathway genes
responsible for providing the precursor in the
biosynthesis of oleoresin [49] have been reported.
In the present study, real time analysis of the
fourth gene involved in IIP/DMAPP formation,
revealed that treatment with MeJA resulted in the
upregulation of CfCMK after 2 h of treatment
followed by basal level expression at 4 h and 8 h.
CfCMK expression level was again increased at
12 h following which it tapered down to basal
level of expression at 24 h. (Supplementary Fig.
2). The phylogenetic tree generated using
maximum likelihood method of PHYML
program in its default settings corroborated the
results. Results were categorized in different
clades representing CFCMK protein in the desired
clade (Fig. 4).
Functional Validation of CFCMK in E. coli
Carotenoids are formed in the chloroplast and
chromoplast of plant system whereas E. coli is
incapable of synthesizing these pigments as it
lacks the carotenogenic gene cluster for its
synthesis. The B-carotene biosynthetic pathway
was reconstructed in E. coli by introducing the
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plasmid pAC-BETA [50] harboring  four -
carotene biosynthetic ~ genes, including
geranylgeranyl pyrophosphate synthase,

phytoene synthase, phytoene desaturase and
lycopene cyclase. Also the plasmid pTrcAtiPlI,
harboring the IP1 gene [46], was used as pathway
enhancer in the accumulation of B-carotene in E.
coli. Biosynthesis and accumulation of the
carotenoid pigments (orange-yellow) in the
recombinant E. coli, when the foreign
carotenogenic gene cluster is introduced, opened
up the prospects for phenotypic screening [45]
and functional validation of the foreign gene of
the related pathway in E. coli. In the present
study, the functional validation of protein
encoded by the CfCMK gene, was assessed by
co-transforming the plasmid pTrc-CfCMK
containing the coding region of CfCMK, along
with pAC-BETA, in E. coli strain TOP10F’ and
screened for positive putative transformants on
selection media containing chloramphenicol and
ampicillin. Only E. coli harboring both the
plasmids pAC-BETA and pTrc-CfCMK could
grow, while those without plasmids or harboring,
either of the plasmids and therefore being
sensitive to antibiotics, could not grow on the
selective medium (Fig. 5). The positive
transformants were orange-yellowish in color due
to the accumulation of B-carotene.

In Silico Analysis of Secondary Structure of
CfCMK Protein

The predicted secondary structure of CfCMK
protein, by PBIL using the SOPMA, suggested
the composition of 27.11 % a-helices, 22.89 % -
extended strands, 8.46 % B-turns and 41.54 %
random coils and no glycosylation site in the
deduced amino acids of CFCMK (NetNGlyc 1.0).
The predicted post-translational modifications,
identified the potential hits having the
phosphorylated sites of 16 serine, 6 threonine and
2 tyrosine residues, showing all selected sites
with their respective scores higher than 0.5
(NetPhos 2.0). Homology-based modeling was
used for designing the three-dimensional
structural models of CfCMK protein sequence
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using Phyre? with the >90% confidence. The
distantly known template of E. coli (PDB ID:
10J4) was used for comparison which modeled
297 amino acid residues (74%) at >90 %
accuracy. Further, four templates with PDBs:
10J4, 3PYG, 2V34 and 1UEK were selected to
model CfCMK protein on heuristics basis to
maximize the sequence confidence, percentage
identity and alignment coverage. 104 residues
were modeled by ab initio which was highly
unreliable (Fig. 3A).
In Silico Structure Elucidation of CFCMK
The CfCMK protein manifested the typical ATP-
binding domain (N-terminal domain) and
substrate binding domain (C-terminal domain)
which are the characteristic features of the
galactose/homoserine/mevalonate/phosphomeval
onate (GHMP) kinase superfamily, named after
several different proteins in mammals viz.
galactose kinase, homoserine Kkinase, alonate
kinase and phosphomevalonate kinase [51]. The
N-terminal domain (Met" to Ser’® residues)
consisted of three a-helices (a1-03) and seven [3-
strands (B1- B7) whereas the C-terminal domain
(Gly*® to Lys*® residues) consisted of nine o-
helices (04-a12) and six B-strands (B8-313).
Amino acid sequence alignment in Blast
showed its maximum homology with E. coli
CMK (36%), followed by Mycobacterium
tuberculosis CMK (35%) and Aquifex aeolicus
CMK (34%). The multiple sequence alignment
and in silico sequence comparison of CfCMK
with  previously characterized proteins of
EcolCMK (E. coli), MtubCMK (M. tuberculosis)
and AaeoCMK (A. aeolicus) defined the three
conserved motifs in GHMP kinase superfamily.
The residues of Motif A (Lys'® to Leu'®)
constituting the part of B3 interacted with the
CDP-ME. Motif B (residues Gly**°-Ser'®), also
known as P-loop, was found in the septin family
and some other NTP hydrolyses [52], constituted
the part of glycine-rich phosphate binding loop
(region between B7 and a3) which interacted with
the triphosphate moiety of the ATP. Motif C
(residues Met®® to Gly*?®) was found located
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between P11 and B12 which is known to help and
stabilize the conformation of Motif A and Motif
B without directly interacting with the ligands
[35, 53, 54]. The clustalW multiple sequence
alignment of EcolCMK, AaeoCMK and
MtubCMK  with the CfCMK amino acid
sequence, when compared, were found to be
conserved at most residues in the substrate and
ATP-binding site (Fig. 3B-F). The important
residues denoted in the substrate and ATP-
binding domains, which directly or indirectly
involved in the interaction with the ligands (viz.
CDP-ME, AMP-PNP and ADP) (available at
http://www.rcsb.org/pdb/home/ home.do), were
also identified in the CfCMK (Table 2 and
Supplementary Fig. 3). The common residues
obtained were shown in multiple sequence
alignment of different accessions of CMKs from
different sources.

The homology-based CfCMK kinase models
were constructed in silico by structural alignment
of CfCMK protein with the ligand bound
EcolCMK (PDB ID: 10J4), AaeoCMK (PDB ID:
2V2Z, 2V8P) and MtubCMK (PDB ID: 3PYE,
3PYF, 3PYG) proteins. The alignment resulted in
finding the residues in their substrate binding
(CDP-ME) domain and ATP-binding sites
(AMP-PNP and ADP) with their respective
ligands (Table 2 and Supplementary Fig. 3). The
two available ligands viz. CDP-ME and AMP-
PNP (a stable ATP analogue, adenosine 5°-(B,y-
imino) triphosphate) were used in case of E. coli
while CDP-ME and ADP were used in A.
aeolicus. For M. tuberculosis, three available
ligands viz. CDP-ME, AMP-PNP and ADP were
used to find the residues within the distance of
4A from the ligand by using tools of Schrodinger
software
(https://www.schrodinger.com/maestro/).

The common conserved residues found (in
multiple sequence alignment and structural
alignment) in all of the three cases (i.e. E. coli, A.
aeolicus and M. tuberculosis) in the substrate
binding domain that interacted with CDP-ME
were Phe'™, His™®, Asp?’, and Tyr?*. Phe'"
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(equivalent to Tyr® in E. coli CMK; equivalent
to Tyr** in A. aeolicus CMK; equivalent to Tyr?®
in M. tuberculosis CMK) (Tyr®; Tyr®; Tyr®)
and His™® (His®; His®; His®®) constituted the
region of B4. Asp”’ (Asp***; Asp™®®; Asp'®) was
found in the region between o4 and a5 whereas
the Tyr®™ (Phe'®; Tyr'®; Tyr'®) constituted the
part of a6. The common residues in the ATP-
binding domain of CfCMK, which interacted
with the AMP-PNP or ADP in all of the three
cases (i.e. E. coli, A. aeolicus and M.
tuberculosis), were Lys'® and Gly™. Lys™®
(equivalent to Lys® in E. coli CMK; equivalent
to Lys® in A. aeolicus CMK; equivalent to Lys*
in M. tuberculosis CMK) and Gly*** (Gly*®; Gly
% Ala™) were found in the region between p7
and a3. The left out residues obtained through in
silico studies, which were within the distance of 4
A from the ligands and could be involved in the
direct and indirect interaction with the substrate
or other ligands, are shown in Table 2.

CONCLUSIONS
4-diphosphocytidyl-2C-methyl-D-erythritol
kinase is an essential enzyme for isopentenyl
diphosphate and dimethylallyl diphosphate
biosynthesis via the non-mevalonate pathway. It
catalyzes the only ATP-dependent
phosphorylation step of the pathway by the
transfer of -phosphoryl moiety of ATP to CDP-
ME, resulting in the formation of 4-
diphosphocytidyl-2C-methyl-D-erythritol-2-
phosphate (CDP-ME2P) and ADP. The
importance of the enzyme is due to the fact that
several enzymes of this pathway are potential
targets for molecules showing anti-microbial
activities against dreadful diseases. In the present
study, the functional validation of CfCMK
protein revealed its role in the caretonoid
accumulation, which could be further exploited in
the metabolic engineering. The homology-based
structural alignment with the other counterpart
CMK:s in E. coli, A. aeolicus and M. tuberculosis
showed a high level of sequence conservation at
its substrate and ATP-binding sites. This can be
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employed for the structure-based approach for
the exploration of inhibitors of this enzyme that
could lead to the identification of potential
targets/molecules for wide-ranging antimicrobial
drugs.
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Fig. 1. The full-length cDNA sequence of CFCMK (GenBank accession number: KU178947) and its deduced amino
acid sequence from C. forskohlii. The deduced amino acid sequences are shown in capital letters and the UTRs in
italic letters; the 54-amino-acid plastidial transit peptide is underlined. The stop codon (TAG) is marked with an

asterisk.
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Fig. 2. Multiple sequence alignment of the deduced amino acid sequences of C. forskohlii (CFCMK) and other plants
and microorganisms CMKs from Solanum lycopersicum (accession no. NP_001295301.1), Nicotiana tabacum
(accession no. AHW50678.1), Catharanthus roseus (accession no. AB135992.1), Salvia miltiorrhiza (accession no.
ABP96842.1), Ricinus communis (accession no. XP_002523216.1), Hevea brasiliensis (accession no. BAF98293.1),
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Glycine max (accession no. XP_003543330.1), Medicago truncatula (accession no. KEH33384.1), Stevia
rebaudiana (accession no. ABB88838.3), Aquifex aeolicus (accession no. 2V34_A), Escherichia coli (accession no.
10J4_A) and Mycobacterium tuberculosis (accession no. 3PYG_A). The secondary structure elements are indicated.
Three putative conserved motifs viz. motifA, motifB, motifC and two ligand binding sites (viz. substrate and ATP-
binding sites) are marked. The common conserved residues found in silico in substrate binding site and ATP-binding
site of CFCMK are indicated with asterisks. Residues marked with yellow star interacted with CDP-ME. Residues
marked with blue star interacted with either AMP-PNP or ADP. Residues marked with yellow dots, interacted with
CDP-ME, and blue dots, interacted either with AMP-PNP or ADP, were not found common in between any two or
three of the cases discussed and are represented in Table 2 and Supplementary Fig. 3 in each individual case.
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Fig. 3. Three dimensional structure and conserved residues prediction for C-CMK. (A) 3-D structure display of
CfCMK protein as predicted by Phyre? using crystal structure of E. coli (PDB ID: 10J4) as template. Ligand
binding sites in the CFCMK protein on homology-based structural alignment with the known CMKs (B-F). The
conserved residues within the distance of 4A from the ligand in the substrate binding site and ATP-binding site of
CfCMK after structural alignment are represented in (B) E. coli (PDB ID: 10J4); (C) A. aeolicus (PDB ID: 2V22);
(D) CDP-ME binding site in M. tuberculosis (PDB ID: 3PYE); (E) AMP-PNP binding site in M. tuberculosis (PDB
ID: 3PYF) and (F) ADP binding site in M. tuberculosis (PDB ID: 3PYG). Black arrow indicates CDP-ME ligand in
the substrate binding site; blue arrow indicates AMP-PNP ligand in the ATP-binding site and red arrow indicates
ADP ligand in the ATP-binding site. Images prediction was performed using Schrodinger and PyMOL softwares.
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Fig. 4. The phylogenetic tree of CMKs was generated using maximum likelihood method of PHYML program in its
default settings. The bootstrapping analysis was performed with 1000 replicates which defined the measure of the
confidence in the subtree rooted at the node. The sequences used in the tree were as follows: AmemCMK:
AID51431.1 Astragalus membranaceus; AthaCMK: NP_180261.1 Arabidopsis thaliana; AtriCMK:
XP_006853120.2 Amborella trichopoda; BdisCMK: XP_003564416.1 Brachypodium distachyon; BrapCMK:
XP_009103564.1 Brassica rapa; BsalCMK: ADY35486.1 Bacteroides salanitronis DSM 18170; BvulCMK:
XP_010682260.1 Beta vulgaris subsp. Vulgaris; CapoCMK: AFZ52979.1 Cyanobacterium aponinum PCC 10605;
CariCMK: XP_004499437.1 Cicer arietinum; CepiCMK: AFZ12115.1 Crinalium epipsammum PCC 9333;
CforCMK: KU178947 Coleus forskohlii; CrosCMK: ABI35992.1 Catharanthus roseus; CsatCMK:
XP_004144086.1 Cucumis sativus; CsinCMK: XP_006470416.1 Citrus sinensis; EgraCMK: XP_010031684.1
Eucalyptus grandis; EQUiICMK: XP_010922252.1 Elaeis guineensis; EsilICMK: CBJ27522.1 Ectocarpus siliculosus;
GmaxCMK: XP_003543330.1 Glycine max; GraiCMK: XP_012478087.1| Gossypium raimondii; GsojCMK:
KHN35431.1 Glycine soja; GsulCMK: EME29841.1 Galdieria sulphuraria; HbraCMK: BAF98293.1 Hevea
brasiliensis; JcurCMK: XP_012075992.1 Jatropha curcas; LdasCMK: AGE10579.1 Lonicera dasystyla;
LhypCMK: AGE10580.1 Lonicera hypoglauca; LjapCMK: AGE10578.1 Lonicera japonica; MacuCMK:
XP_009380973.1 Musa acuminata subsp. Malaccensis; MdomCMK: XP_008362401.1 Malus domestica,;
MnotCMK: XP_010093814.1 Morus notabilis; MtruCMK: KEH33384.1 Medicago truncatula; NbenCMK:
ABO87658.1 Nicotiana benthamiana; NgadCMK: XP_005853675.1 Nannochloropsis gaditana CCMP526;
NsyICMK: XP_009793740.1 Nicotiana sylvestris; NtabCMK: AHW50678.1 Nicotiana tabacum; NtomCMK:
XP_009609324.1 Nicotiana tomentosiformis; ObraCMK: XP_006644856.1 Oryza brachyantha; OnigCMK:
WP_015174237.1 Oscillatoria nigro-viridis; PdacCMK: XP_008788573.1 Phoenix dactylifera; PkurCMK:
ABM89225.1 Picrorhiza kurrooa; PmumCMK: XP_008227371.1 Prunus mume; RcomCMK: XP_002523216.1
Ricinus communis; ScyaCMK: AFZ36647.1 Stanieria cyanosphaera PCC 7437; SindCMK: XP_011080489.1
Sesamum indicum;SitaCMK: XP_004970280.1 Setaria italic; SlycCMK: NP_001295301.1 Solanum lycopersicum;
SmIICMK: ABP96842.1 Salvia miltiorrhiza; SrebCMK: ABB88838.3 Stevia rebaudiana; StubCMK:
XP_006362734.1 Solanum tuberosum; TcacCMK: XP_007015325.1 Theobroma cacao; ThasCMK:
XP_010544303.1 Tarenaya hassleriana; VponCMK: AHI16948.1 Voromonas pontica; VvinCMK:
XP_002267319.2 Vitis vinifera.
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Fig. 5. Functional demonstration of CfCMKin E. coli. The E. cIi strain TOP10 F' was respectively transformed
with pAC-BETA and pTrc-ATIPI (A), pAC-BETA and pTrc-CfCMK harboring CfCMK gene (B), and pAC-BETA

(©).
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Supplementary Fig. 1. The full-length cloning of CFCMK (GenBank accession number: KU178947) and tissue
specific expression profile of CICMK mRNA. 1A) Full-length cloning of the ORF (1209 bp) of CfCMK in C.
forskohlii; 1B) RT-PCR based expression profile of CFCMK gene in root, stem and leaf of C. forskohlii. Actin was
taken as house-keeping gene.
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Supplementary Fig. 2. Time course real-time quantitative PCR analysis of the Cf[CMK gene expression profile on
methyl jasmonate (MeJA; 100 mM) treatment in Coleus forskohlii. The numbers indicate time points in hours.
Actin was used as internal control.
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Supplementary Fig. 3. Two dimensional structures (predicted by Schrodinger software) and conserved residues in
the substrate binding site and ATP-binding site of CFCMK within the distance of 4A from the ligand after structural
alignment with CMKs of E. coli (PDB ID: 10J4), A. aeolicus (PDB ID: 2V2Z, 2V8P) and M. tuberculosis (PDB ID:
3PYE, 3PYF, 3PYG). A) Predicted conserved residues in the substrate binding site of CfCMK protein after
alignment with E. coli (CDP-ME, PDB ID: 10J4); B) A. aeolicus (CDP-ME, PDB ID: 2V2Z) and C) M.
tuberculosis (CDP-ME, PDB ID: 3PYE). Predicted conserved residues in the ATP-binding site of CFCMK protein
after alignment with A) E. coli (AMP-PNP, PDB ID: 10J4); B) A. aeolicus (ADP, PDB ID: 2V8P) and C-D) M.
tuberculosis (AMP-PNP, PDB ID: 3PYF; ADP, PDB ID 3PYG).

Table 1. Primer sequences and PCR conditions used in the present work for the amplification of CMK genes from C. forskohlii.

Name of Primer sequence (forward primer, Used in the study PCR Conditions

the gene F and reverse primer, R) (5'-3")

cfCMK F:
5’-GTDCCWACBGGRGCKGG-3’ Core Fragment 94°C, 305s;55 °C, 30;
R: 72 °C, 1 min (35 cycles).
5’-GTRCTYCCACTTCCRGACA-3’
GSP1: 3" End Amplification 94°C, 305s;55 °C, 30s;
5’-TTCATGTCCGGAAGTGGAAGC-3’ 72 °C, 1 min (35 cycles).
GSP2: 5" End Amplification 95°C, 305s;55 °C,30s;
5-TCCTCTACCCGTACAATATGCAG-3’ 72 °C, 1 min (35 cycles).
F: 5’-GAGCTGCATATTGTACGGGTAG-3’ Real-Time analysis 95 °C, 30s;55 °C, 30s;
R: 5’-CCTGAGAGATTCCGCTCTTTG-3’ 72 °C, 20 sec (35 cycles).
F:
5-TTTAGATCTATGGCTTCCTCCCATTTCCTCT-3’ Functional analysis in | 95 °C, 30's; 55 °C, 30 sec;
R: E. coli 72 °C, 3 min (35 cycles).
5-TTTGCGGCCGCTTACTTGATTGATTCTTCAACTTTT-3’

Actin F:
GAGAGTTTTGATGTCCCTGCCATG Real-Time analysis 94 °C, 10s; 60 °C, 20 s;
R: 72 °C, 25 sec (25 cycles)

CAACGTCGCATTTCATGATGGAGT
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Table 2: Structurally aligned conserved amino acid residues of CFCMK protein with the corresponding CMKs
of E. coli, A. aeolicus and M. tuberculosis. Amino acid residues in the substrate binding site A) and ATP-
binding site B). Residues marked in red are conserved in the all organism; residues marked in magenta were

found in any of the two cases.

A) Substrate binding site of CFCMK B) ATP-binding site of CFCMK

CfCMK CfCMK CfCMK CfCMK CfCMK CfCMK
(gMclgl)i (A.Ca:/loll(i)cus (M. tucki\(jlr}%llosis (E. coli CMK) (A.Ca'\e/lolii;:us (M. ték:\(jlrlgjlosis
Lys100 Lys100 - Val151 - -
Asn102 Asn102 - Asnl57 Asnl157 -
Phel15 Phel15 Phel15 Leul58 Leul58 -
His116 His116 His116 11e159 1le159 -

- Serl94 - Lys182 Lys182 Lys182

- Gly225 - Thr186 Thr186 -
Ser226 Ser226 - Gly187 - Gly187
Asp227 Asp227 Asp227 - Gly189 Gly189

- Arg242 - - Leul90 -
Thr270 - - Gly191 Gly191 Gly191
Gly271 - - Gly193 Gly193 R
Tyr274 Tyr274 Try274 Asn196 Asn196 -

- Gly341 - Asp227 - -

- Ser342 -
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